BACKGROUND: Gonadotrophins support spermatogenesis via poorly understood mechanisms. We aimed to determine the effect of FSH/LH suppression in regulating germ cell apoptosis and proliferation in normal fertile men. METHODS: Testicular tissues were obtained after gonadotrophin suppression induced by testosterone alone or combined with depot medroxyprogesterone acetate for 2 or 6 weeks and an untreated group of men (referred to as 'normal men') served as controls (n 5 5 or 10 men per group). Apoptosis and proliferation were identified by terminal deoxynucleotidyl transferase-mediated dUDP nick-end labelling (TUNEL) and proliferating cell nuclear antigen (PCNA) labelling methods, respectively. Intrinsic and extrinsic apoptotic pathways were identified by immunohistochemistry using the pathway-specific proteins: activated caspase (aCaspase) 9 and 8 and quantified using stereological techniques. RESULTS: By 2 and 6 weeks, the proportion of TUNEL-labelled spermatogonia increased to 354% and 268% respectively, compared with normal men (P < 0.001), with increased caspase 9 [223 and 166% compared with normal men (P < 0.001)], but no increase in caspase 8, immunoreactivity. At 6 weeks, the proportions of TUNEL-labelled spermatocytes and round spermatids tended to increase (303 and 180% compared with normal men, NS), as did caspase 9 (199 and 147% compared with normal men, NS) and caspase 8 immunoreactivities (286 and 243% compared with normal men, NS and P 5 0.06), respectively. The proportion of TUNEL-labelled elongating/elongated spermatids tended to increase (144 and 138% compared with normal men, NS) at 2 and 6 weeks, respectively, with no change in either caspase immunoreactivities. Even though the number of PCNA-labelled cells did not change with gonadotrophin suppression, the balance between proliferation and apoptosis was lower in spermatogonia (P 5 0.01) and spermatocytes (P 5 0.3) between treated and untreated normal men. CONCLUSIONS: We demonstrated that gonadotrophins act as spermatogonial survival factors via the regulation of intrinsic apoptotic pathway, whereas having no effect of cellular proliferation in normal men.
Introduction
Spermatogenesis is a dynamic process occurring in three phases: mitosis (spermatogonia), meiosis (spermatocytes) and spermiogenesis (the morphological transformation of spermatids) (McLachlan et al., 2002a; Saunders 2003) . Sperm output relies upon the coordinated proliferation, differentiation and survival of each progressively maturing germ cell type, as regulated by a complex network of signals, notably the pituitary gonadotrophins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), via their regulation of intratesticular androgen levels.
In men, gonadotrophins are required to reinitiate and maintain quantitatively normal sperm production after experimentally induced oligoazoospermia (Matsumoto et al., 1983 (Matsumoto et al., , 1986 Matsumoto and Bremner, 1985) . To understand the sites of gonadotrophin action within the spermatogenic process, we used the experimental model of exogenous testosterone administration, alone or in combination with a progestin, given to normal men in order to suppress FSH and LH and, thereby, sperm production (Zhengwei et al., 1998a , McLachlan et al., 2002b Matthiesson et al., 2005) . We have demonstrated the striking inhibition of type A pale and B spermatogonia maturation as determined by a 60-90% reduction in type B spermatogonia, in addition to the retention of mature spermatids in the epithelium strongly suggesting a failure of sperm release (spermiation). These observations held true in later androgen-based contraceptive studies involving the addition of a gonadotrophin releasing hormone antagonist or a 5 alpha reductase inhibitor to further withdraw gonadotropic/androgenic support for spermatogenesis (Matthiesson et al., 2005 (Matthiesson et al., , 2006 .
The mechanisms by which gonadotrophins regulate spermatogonial development in men are unknown; however, the regulation of apoptosis is a potentially important factor. There are two described pathways of apoptosis in the testis: the intrinsic and extrinsic pathways (reviewed in Sinha-Hikim et al., 2003a) . The intrinsic pathway (or mitochondrial pathway) involves translocation of bax from the cytosol to the mitochondria which results in the release of cytochrome C into the cytosol, where it binds to apoptotic protease activating factor (Apaf)-1 and then activates initiator caspase 9, leading to activation of executioner caspases 3, 6 and 7 that cleave intracellular proteins and effect apoptosis (Adams and Cory, 1998; Green, 2000; Hengartner, 2000) . The extrinsic pathway (or death receptor pathway) involves FasL stimulation of Fas on target cells which then activates initiator caspase 8, which subsequently activates executioner caspases, effecting apoptosis (Nagata and Golstein, 1995; Lee et al., 1997) . Vera et al. (2006) suggested that spermatocytes and spermatids undergo apoptosis via the intrinsic pathway in human seminiferous tubule cultures under hormonal free conditions, as evidenced by activation of p38 mitogen-activated protein kinase and induction of inducible nitric oxide synthase leading to an activation of caspases. In a similar experimental paradigm, an immuno-localization of fas to spermatocytes and spermatids has been observed, suggesting an involvement of the extrinsic pathway . However, to our knowledge, there is no evidence suggesting spermatogonial apoptosis is regulated by gonadotrophins in normal men.
Whether gonadotrophins regulate human germ cell proliferation remains unclear. Takagi et al. (2001) demonstrated that increased apoptosis, rather than reduced proliferation, underlie the reduction of spermatogonial number in men with hormonally independent idiopathic infertility. In men with congenital gonadotrophin deficiency, increased germ cell apoptosis was noted but proliferation was not studied (Francavilla et al., 2000) . In chronically gonadotrophin-depleted monkeys, spermatogonial mitotic activity [based on bromo-deoxyuridine (BrdU) incorporation] was not altered by gonadotrophin treatment .
We aimed to investigate whether gonadotrophin suppression in normal men results in accelerated germ cell apoptosis (via activation of the intrinsic and/or extrinsic pathways) or a change in proliferation. Using testicular tissue from previous hormonal contraceptive studies (McLachlan et al., 2002b; Matthiesson et al., 2005) , we aimed to determine the mechanisms (apoptosis or proliferation) and pathway(s) involved in germ cell loss by employing antibody detection systems directed to the specific activated caspase (aCaspase) forms (aCaspase 9, intrinsic; aCaspase 8, extrinsic) in combination with germ cells enumeration using stereological techniques.
Materials and Methods

Subjects
Testicular biopsies were obtained from 30 normal men aged 31-46 years who underwent either no treatment or androgen-based male contraceptive treatment for 2 or 6 weeks prior to a previously planned vasectomy and informed consent (McLachlan et al., 2002b; Matthiesson et al., 2005 
Design
Groups of 5 men received either a weekly dose of 200 mg of testosterone enanthate (TE: Primotestin depot, Schering AG Berlin, Germany) alone or in combination with a single dose of 300 mg of depot medroxyprogesterone acetate [DMPA (progestin): Upjohn Pharmaceuticals, Rydalmere, Australia] by intramuscular injections for the 2 or 6 weeks before surgery (McLachlan et al., 2002b) and these groups are referred to as 'gonadotrophin-suppressed' throughout this study. These sex steroid treatments resulted in feedback inhibition of gonadotrophin release and thereby spermatogenic inhibition. As these two treatments, TE and TE plus DMPA led to similar suppression of serum gonadotrophin levels (mean serum FSH 1.2-1.3% and mean serum LH 0.3-0.5% of baseline), intratesticular T (iT) levels (2% of controls) and germ cell types (McLachlan et al., 2002b) , they were pooled (n ¼ 10 per/group) for the 6-week time point. Despite reported significant differences in gonadotrophin levels (mean serum FSH 11.5% versus 4.2%, mean serum LH 13.8% versus 2.7% of baseline, respectively) and germ cell numbers at the 2-week time point for TE and TE plus DMPA treatments, no differences were observed in iT levels and apoptotic or proliferative endpoints using a t-test, and accordingly, data were also pooled in a single group of 10 men. Ten normal men not receiving any treatment served as controls and this group is referred to as 'normal men' throughout this study (McLachlan et al., 2002b; Matthiesson et al., 2005) .
Testicular biopsy and tissue processing
A fragment of the single testicular biopsy from one testis of each man was immersion fixed in Bouin's solution for 3-5 h and paraffin embedded (Zhengwei et al., 1998a) for either in situ detection of apoptosis or immunohistochemistry. Prior to immunostaining, 5 mm tissue sections were prepared, deparaffinized and hydrated by successive series of ethanol and rinsed in phosphate-buffered saline (PBS; 10 mM, pH 7.4).
Assessment of apoptosis
In situ detection of cells with DNA strand breaks (apoptosis) was performed on tissue sections by the terminal deoxynucleotidyl transferase (TdT)-mediated dUDP nick-end labelling (TUNEL) technique using an ApopTag w Peroxidase In Situ Apoptosis Detection kit (Chemicon International, Temecula, USA). Previously, the ApopTag kit technique has been validated for in-situ detection of germ cell apoptosis in the human (Sinha-Hikim et al., 1998 , 2003b Takagi et al., 2001; Vera et al., 2006) . In brief, to eliminate non-specific binding, tissues were subjected to microwave antigen retrieval in EDTA -NaOH buffer (1 mM, pH 8; 90 -958C for 10 min then room temperature for 1 h), not proteases treatment (Billig et al., 1995) . Tissues were incubated with a mixture containing digoxigenin-conjugated nucleotide and TdT at 378C for 1 h, whereas this mixture was substituted with the same volume of milli-Q water on negative control sections. Endogenous peroxidase activity was blocked by immersing tissue sections in 3% hydrogen peroxide in methanol for 15 min followed by two washes with PBS. Tissues were blocked with CAS block (Invitrogen, San Fransico, USA) for 30 min to prevent non-specific binding. Subsequently, tissues were incubated with anti-Dig peroxidase for 30 min to highlight the incorporated digoxigenin-conjugated nucleotides in fragmented DNA. After washing, diaminobenzidine (DAB; DAKO, Carpenteria, USA) was added for 2-3 min to reveal sites of anti-Dig binding with a dark brown reaction product. Sections were counterstained with Mayer's haematoxylin for 3 min and blued in Scott's tap water for 1 min, and finally dehydrated and mounted in DepeX (BDH Laboratory Suppliers, Poole, UK) under coverslips.
Assessment of proliferation
The expression of proliferating cell nuclear antigen (PCNA; to DNA polymerase-delta found during the activation of DNA replication) is used as an index of the proliferative activity in human testicular tissues (Hall and Levison, 1990; Steger et al., 1998; Takagi et al., 2001) . Tissue sections were subjected to antigen retrieval in EDTA -NaOH buffer, and then endogenous peroxidase activity was quenched. The sections were treated with 10% normal rabbit serum in PBS (Serotec, Raleigh, USA) and incubated with mouse monoclonal anti-human PCNA antibody (5 mg/ml in PBS; Biosciences, Franklin Lakes, USA) for 1 h. Sections were then incubated with biotinylated rabbit anti-mouse immunoglobulin G (IgG) secondary antibody (10 mg/ml in PBS; Zymed Labs, San Francisco, USA) for 30 min with pre-and post-washes with PBS, followed by incubation with avidin-biotin -peroxidase (ABC) complex (Vectastain Elite, Vector Laboratories, Burlingame, USA) according to the manufacturer's instructions for 30 min. After washing, DAB was added for 2 -3 min, and sections were counterstained, blued, dehydrated and mounted in DepeX under coverslips. The negative control sections were performed in a similar manner, except the primary antibody was substituted with the same concentration of mouse IgG antibody (Biosciences) to determine any false positive cross reactivity of secondary antibody.
Assessment of apoptotic pathways
The activation of apoptotic pathways have been identified with previously validated immunohistochemistry procedures by employing antibodies against the activated forms of pathway specific caspases (Bozec et al., 2005) . In brief, testicular tissue sections were subjected to antigen retrieval in EDTA -NaOH buffer, endogenous peroxidase activity was quenched, and sections were blocked with 10% normal goat or rabbit sera, then incubated over night with either aCaspase 9 antibody (0.76 mg/ml in PBS, rabbit polyclonal human specific cleaved caspase 9 detecting p17 and p37 of active caspase 9; Cell Signaling Technology, Danvers, USA) or with caspase 8 (in their activated form; aCaspase 8) antibody (2.4 mg/ml in PBS; mouse monoclonal caspase 8 which detects only the N-terminal region of the p18 subunit; Novocastra Laboratories, Newcastle, UK). Subsequently, sections were incubated with biotinylated sheep anti-rabbit IgG (2 mg/ml in PBS; Chemicon International) for 1 h or with biotinylated rabbit anti-mouse IgG secondary antibody (10 mg/ml; Zymed Labs) for 30 min with pre-and post-washes with PBS. Following ABC complex treatment, DAB was added for 2-3 min, and sections were counterstained and blued and mounted. On negative control sections, the primary aCasapse 9 and 8 antibodies were substituted with same concentration of rabbit and mouse IgG antibodies (Biosciences), respectively.
Quantification of labelled cells
Stereological techniques were applied to determine the percentages of TUNEL, PCNA and aCaspase 9-or 8-labelled cells. TUNEL and PCNA-labelled cell types were identified by deep brown nuclear staining and aCaspase-labelled cells were identified by brown nuclear, cytoplasmic or whole cell staining (upon activation, caspases translocate from the cytoplasm to nucleus, therefore localization of aCaspase varies along the apoptotic pathway), based on their location within the seminiferous tubules, their size and the shape of cell nucleus. Cells were classified into four groups: spermatogonia, spermatocytes, round spermatids and elongating/elongated spermatids (Russell et al., 1990) . The percentages of labelled cells were assessed using an unbiased counting frame of 2914 mm 2 superimposed on video image by CASTGRID V1.60 software package per field (Olympus, Denmark, Germany), where 50 -300 cell nuclei for each cell group was counted from one section per testis in a systematic uniform random sampling manner. All slides were masked prior to the analysis. The rate of apoptosis and proliferation and caspase activities were quantified by dividing the number of labelled cells by the total number of labelled and unlabelled cells in each group (PCNA: n ¼ 5 men per group, TUNEL and caspases: n ¼ 10 men per group).
Immunofluorescence and confocal studies To determine the prevalence of cells undergoing each apoptotic pathway, the co-localization of TUNEL-labelled cells with aCaspase 9 or 8 proteins was detected by confocal microscopy using immunofluorescence dual labelling (Sinha-Hikim et al., 2003b; Vera et al., 2004) . In situ detection of cells with DNA fragmentation was performed on tissue sections using an Apoptag w Fluorescein In Situ Apoptosis Detection Kit (Chemicon International), without protease treatment. In brief, tissues were subjected to antigen retrieval in EDTA -NaOH buffer to achieve lower background (Billig et al., 1995) , incubated with a mixture containing digoxigenin-conjugated nucleotide and TdT, and were treated with 488 antidigoxigeninfluorescein for 30 min in the dark. For staining of aCaspases, slides were washed and then incubated with 10% normal goat serum for 20 min and treated with antibodies to aCaspase 9 or 8 (2.4 mg/ml in PBS; rabbit monoclonal cleaved caspase 8 which detects only the cleaved product p18, p41 and p43 of active caspase 8) (Cell Signaling Technology) overnight, followed by goat anti-rabbit Alexa 546 secondary antibody (Molecular Probes, Eugene, USA) for 45 min. Slides were washed and mounted with Fluorsave (Calbiochem, La Jolla, USA). For negative control sections, TdT was omitted and the lack of secondary antibody cross-reactivity was verified with the equivalent concentration of antibody of the same isotype control.
Confocal images were obtained and processed using a Fluoview FV300 computer package and Olympus microscope (Olympus Australia, Mt Waverly, Australia). The proportions of TUNEL-labelled germ cells that were either aCaspase 9 or 8 positive were quantified by counting all the labelled and dual labelled cells per group (n ¼ 10 men per group).
Statistical analysis
One way analysis of variance (ANOVA) test was used to determine the differences between normal and gonadotrophin-suppressed men for 2 and 6 weeks and that data were normally distributed for all histological data. If data did not show normal distribution, then a Kruskal-Wallis one way ANOVA on ranks was performed. A two sample t-test was also used in some cases to determine differences between two groups. All statistical analyses were performed using Sigmastat for Windows version 3.1 (Jandel Corporation, Canada). Data are expressed as mean + standard error of mean (SEM), n ¼ 10 per group, except for the assessment of proliferation, where n ¼ 5 per group.
Results
Gonadotrophin suppression induces germ cell apoptosis, rather than proliferation in normal men In normal men, TUNEL-labelling was observed in all germ cell types; spermatogonia, spermatocytes, round spermatids and elongating/elongated spermatids (1.6 + 0.2%, 1.6 + 0.5%, 1.9 + 0.4% and 3.7 + 1.0%, respectively; Figs. 1A and 2A). Gonadotrophin suppression for 2 and 6 weeks increased the percentage of TUNEL-labelled spermatogonia to 354 and 268% compared with normal men (1.6 + 0.2% versus 5.6 + 0.9%, 4.2 + 0.8%: P , 0.001), respectively. After 6 weeks treatment, an apparent increase in TUNEL-labelled spermatocytes and round spermatids to 303% (1.6 + 0.5% versus 4.9 + 1.8%) and 180% (1.9 + 0.4% versus 3.4 + 0.9%) compared with normal men, respectively, did not achieve statistical significance. At 2 and 6 weeks, the apparent increase in the percentage of TUNEL-labelled elongating/elongated spermatids to 144 and 138% compared with normal men (3.6 + 1.0% versus 5.2 + 2.0%, 5.0 + 0.8%), respectively, also did not achieve significance (Figs. 1A and 2B) .
PCNA indices of germ cell proliferation following 2 and 6 weeks of gonadotrophin suppression were similar to those of normal men (Figs. 1B, 2D and 2E ).
The ratios of the PCNA-labelled to the TUNEL-labelled cell rate were analysed as an index of the balance between cell proliferation and apoptosis of germ cells (Hall and Levison, 1990; Takagi et al., 2001) . The ratios for spermatogonia were significantly lower in gonadotrophin-suppressed men for 2 and 6 weeks compared with normal men (P ¼ 0.01), but not significantly altered in regard to spermatocytes (P ¼ 0.3: Table I ).
The intrinsic and extrinsic pathways are present in total germ cell apoptosis in normal men In normal men, percentages of TUNEL-labelled germ cells with aCaspase 9 and aCaspase 8 co-reactivity were 25.4 + 2.3% and 25.7 + 2.5%, respectively (Figs. 3A, 3C and 4) . At 2 and Gonadotrophin suppression affects spermatogonial apoptosis via the intrinsic apoptotic pathway In normal men, aCaspase 9-labelling was observed in all germ cell types; spermatogonia, spermatocytes and round spermatids (2.6 + 0.7%, 0.8 + 0.2% and 2.3 + 0.6%, respectively: Figs. 5A and 6A). Gonadotrophin suppression for 2 and 6 weeks increased the percentage of aCaspase 9-labelled spermatogonia to 223 and 166% compared with normal (2.6 + 0.2% versus 5.8 + 0.7%, 4.3 + 0.8%: P , 0.001), respectively. Increases in aCaspase 9-labelled spermatocytes and round spermatids to 199% (0.8 + 0.2% versus 1.6 + 0.8%: P ¼ 0.6) and 147% (2.3 + 0.6% versus 3.4 + 1.1%: P ¼ 0.1) compared with normal were observed at 6 weeks, respectively, but neither achieved significance (Figs. 5B and 6A ).
Gonadotrophin suppression possibly affects spermatocytes and round spermatid apoptosis via the extrinsic apoptotic pathway In normal men, no aCaspase 8-labelled spermatogonia were observed (Fig. 6B) . In response to gonadotrophin suppression, there were only few or no aCaspase 8-labelled spermatogonia observed after 2 and 6 weeks of gonadotrophin suppression, respectively. In normal men, aCaspase 8-labelling was observed in spermatocytes and round spermatids (0.9 + 0.3% and 1.8 + 0.5%, respectively: Figs. 5D and 6B). Following gonadotrophin suppression, there were trends towards increases in aCaspase 8-labelled spermatocytes to 286% (0.9 + 0.3% versus 2.5 + 0.9%: P ¼ 0.4) following 6 weeks and in aCaspase 8-labelled round spermatids to 199 and 243% compared with normal (1.8 + 0.5% versus 3.7 + 0.7%, 4.5 + 1.0%: P ¼ 0.06), after 2 and 6 weeks respectively (Figs. 5E and 6B).
Discussion
In this study, we report that gonadotrophins act as survival factors by regulating both the intrinsic and extrinsic pathways, rather than proliferative factors in the human testis. We have previously reported a 60-90% decrease in type B spermatogonial numbers following gonadotrophin suppression induced by androgen-based hormonal contraceptive regimens (Zhengwei et al., 1998a; McLachlan et al., 2002b; Matthiesson et al., 2005; . We now show that this decrease in spermatogonia is attributable to an increase in apoptosis, principally via the intrinsic pathway. Gonadotrophins possibly act as a survival factor for later germ cell types by regulating both the intrinsic and the extrinsic pathways. This suggests that the mechanisms by which gonadotrophins influence germ cell survival differs between germ cell subtypes.
We investigated the effect of gonadotrophin withdrawal at two time points that were chosen in previous studies of hormonal contraceptive effects on serum gonadotrophin levels and germ cell populations in the short (2 weeks) and medium term (6 weeks). As germ cell development and apoptotic death are dynamic processes, any assessment at a particular time point will encounter cells at different phases of these processes. This fact must be taken into account when interpreting the data. For example, we were unable to investigate the rate of apoptosis that occurs during the early period of gonadotrophin suppression or the most active apoptotic phase nor account in a numerical sense for the fate of individual cells. We suppressed gonadotrophins using TE alone or in combination with DMPA. In this model, we observed profound gonadotrophin suppression and marked reduction in iT. In rodents, FSH has shown to be involved in stimulation of androgen binding proteins and androgen receptor numbers resulting in an increased iT (Verhoeven and Callieau, 1988; Ottenweller et al., 2000) . The most likely explanation for the reduction of iT in this model is that reduced FSH following gonadotrophin suppression may result in a reduced production of androgen binding proteins, thus the reduction of T within the testis. Therefore, we envisage that the only mechanism by which this may induce germ cell regression and apoptosis would most likely be through direct or indirect effects of the withdrawal of gonadotropic support.
In terms of spermatogonia, in this study, we were unable to distinguish whether type A and/or B spermatogonial subpopulations were affected. However, since type A numbers remain near normal in these gonadotrophin suppressed men (McLachlan et al., 2002b) , we speculate that B spermatogonia are subject to gonadotrophin-dependent apoptosis. We have shown significant increases in apoptotic rates following 2 and 6 weeks of gonadotrophin suppression. Moreover, by comparing the balance between spermatogonial proliferation and apoptosis, decreases in this balance following gonadotrophin suppression were strongly inclined towards apoptosis even after most active apoptotic phase. However, the specific site at which spermatogonial development is being inhibited following gonadotrophin suppression in humans has been found to be different to non human primates, such as old world monkeys. Several studies have indicated that type A spermatogonia, followed by type B spermatogonia, are affected following gonadotrophin withdrawal upon treatment with a GnRH-antagonist (Schlatt and Weinbauer, 1994; Zhengwei et al., 1998b; Marshall et al., 2005) . These differences noted between primates and human may be due to different sensitivities of the spermatogonial subtypes to FSH and/or androgen. Additionally, Schlatt and Weinbauer (1994) reported a reduction in spermatogonial mitosis as determined by PCNA labelling after short-term GnRH antagonist-treatment, but apoptosis was not assessed in these monkeys. However, it is possible that GnRH antagonist treatment can cause a more profound suppression of circulating FSH and intra-testicular testosterone in monkeys than T-induced gonadotrophin withdrawal in human.
Our data and that of Takagi et al. (2001) suggest that spermatogonial proliferation in men is gonadotrophin independent. This study shows that 40-50% of spermatogonia were PCNA-labelled in both control and gonadotrophin-suppressed men, whereas Takagi et al. (2001) reported a similar level of PCNA-labelled spermatogonia in idiopathic infertile men with normal levels of gonadotrophins. Therefore, these studies suggest that a significant component of spermatogonial proliferation occurs despite the presence or absence of gonadotrophins in the testis. This is consistent with the observation that incorporation of BrdU by type A spermatogonia was not altered in chronically gonadotrophin-deplete adult rhesus monkeys following gonadotrophin replacement . In addition, gonadotrophin independent type A spermatogonial proliferation was observed during juvenile development in rhesus monkeys exhibiting a natural hypogonadotrophic state, compared with that during their infancy with elevated levels of gonadotrophins (Simorangkir et al., 2005) . One caveat in our study is that the very small levels of gonadotrophins persist despite sex steroid treatment (range 11-1.3%: FSH and 2 -1%: LH of baseline) which may support spermatogonial proliferation.
The relative roles of FSH and or LH (via intratesticular androgens) in regulating spermatogonial survival remains unknown but we speculate that the suppression of FSH underlies the increase in spermatogonial apoptosis. Administration of FSH to GnRH antagonist-treated cynomolgus (Weinbauer et al., 1991 ), rhesus (van Alphen et al., 1988 Marshall et al., 1995; Marshall et al., 2005) and bonnet (Moudgal et al., 1997) monkeys results in an increase in spermatogonial numbers. Similarly, Weinbauer et al. (2001) reported that the inhibition of spermatogonia following gonadotrophin withdrawal related to suppression of FSH rather than to testicular androgen levels in the cynomolgus monkeys. Similar data in rodent models suggested that FSH plays a key role in promoting spermatogonial survival (Shetty et al., 1996; Meachem et al., 1999 Meachem et al., , 2005 .
The trend towards increases in spermatocytes and round spermatids apoptosis after 6 weeks, and in elongating/ elongated spermatids apoptosis after 2 and 6 weeks, suggest that gonadotrophins may also act as survival factors during meiosis and spermiogenesis, rather than as proliferative factors in normal men. Consistent with these data, human seminiferous tubules cultured in a medium without FSH or testosterone for 4 -24 h reported significant increases in DNA fragmentation in primary spermatocytes and elongating/ elongated spermatids (Tesarik et al., 1998 (Tesarik et al., , 2002 Pentikainen et al., 1999; Vera et al., 2006) . This also held true for non human primate models, where increases in spermatocytes and spermatid apoptosis were observed in rhesus monkeys following gonadotrophin suppression for up to 4 weeks by testosterone undecanoate (Zhou et al., 2001; Zhang et al., 2003) . Our ability to detect significant changes in germ cell apoptosis is limited by the subject numbers but also by the recognized and marked heterogeneity of germ cell response that is not accounted for by phenotypic characteristics or hormonal changes during male hormonal contraceptive treatment (Gu et al., 2003; Matthiesson et al., 2005) .
We have demonstrated that gonadotrophins regulate spermatogonial survival via the intrinsic apoptotic pathway, and not the extrinsic apoptotic pathway, as evidenced by increased aCaspase 9 positive cells following 2 and 6 weeks of gonadotrophin suppression in the human testis. In male germ lines, Bcl-2 family proteins, such as bax, are involved in the intrinsic pathway by controlling the release of cytochrome C from mitochondria (Adams and Cory, 1998) . In bax knockout mice, increased spermatogonial numbers suggest that intrinsic apoptotic pathways regulate their survival (Knudson et al., 1995; Russell et al., 2002) . In addition, when Apaf-1 was removed via gene targeting, male mice were rendered infertile with high levels of degenerating spermatogonia (Honarpour et al., 2000) . The mechanisms by which the lack of gonadotrophins is transduced within spermatogonia to direct their death via the intrinsic pathway are unclear. Perhaps, the lack of gonadotrophins changes the mitochondrial permeability transition, allowing factors such as cytochrome C and bax to be transported in and out of the mitochondria, causing apoptosis . The reason spermatogonia were unable to undergo apoptosis via the extrinsic pathway may be due to the fact that the up-stream component of this pathway, fas is not expressed in spermatogonia (Nandi et al., 1999) .
Our data suggest that gonadotrophins possibly regulate both the intrinsic and extrinsic apoptotic pathways during meiosis and spermiogenesis in normal men. However, Vera et al. (2006) suggested that spermatocytes and spermatids undergo apoptosis via the intrinsic apoptotic pathway as evidenced by activation of p38 mitogen-activated protein kinase and induction of inducible nitrogen oxide synthase in human seminiferous tubules cultured under hormone free conditions for 4 h. In rodents, such increases in p38 mitogen-activated protein kinase and nitrogen oxide synthase are accompanied by a marked perturbation of the BCL-2 and BAX rheostat, cytochrome C release from mitochondria and caspase 9 activation suggesting an involvement of the intrinsic pathway (Vera et al., 2006) . In addition, in a similar experimental paradigm of human seminiferous tubule culture, fas had been found to localize to apoptotic spermatocytes and spermatids by electron microscopy , suggesting an involvement of the extrinsic apoptotic pathways. It has also been suggested that administration of exogenous testosterone to Rhesus monkeys induces spermatocyte and spermatid apoptosis by increases in Fas/FasL expression (Zhou et al., 2001) and Bcl-2/Bax expression, therefore via extrinsic and intrinsic apoptotic pathways, respectively. However, cross talk between the apoptosis pathways is evidenced by the fact that in some cells, aCaspase 8 leads to a cleavage of the Bcl-2 protein family member, Bid. Bid can then induce Baxmediated release of cytochrome C from mitochondria, further committing the cell apoptosis via the intrinsic pathway (SinhaHikim et al., 2003a) . We did not attempt to establish whether caspase 8-mediated cleavage Bid is responsible for stimulation of intrinsic pathway signaling, although this might explain the observation that spermatocytes and spermatids undergo apoptosis via both pathways.
In normal adult men, germ cells die via both the intrinsic and extrinsic apoptotic pathway at similar levels (25% of apoptotic cells for each pathway). This was also found to be true in normal adult rats with similar levels of aCaspase 9 and 8 activities measured using fluorometric protease assays (Eid et al., 2002) . We observed that 50% of TUNEL-labelled cells did not register as undergoing either pathway suggesting the involvement of another pathway; i.e. endoplasmic reticulum (ER) pathway. Although this was not studied, there is evidence to suggest that Bcl-2 proteins may also serve to regulate germ cell apoptosis via the ER pathway in rodents, as translocation of Bax to ER were seen in germ cells shortly after heat treatment, compared with controls where only trace amount of Bax was found in ER (Sinha-Hikim et al., 2003b) . Perhaps, another explanation for only 50% of TUNEL-labelled cells having a determinable apoptotic pathway may be deferring time courses of positivity between TUNEL and caspase detection methods. TUNEL staining marks the latter phase of apoptosis DNA fragmentation, whereas caspase activation begins during the earlier phase of apoptosis. There can be reduced or lost caspase reactivity in some cells before reaching their latter phases.
In conclusion, this study reveals that gonadotrophins act as survival factor for spermatogonia via the intrinsic pathway of apoptosis, and possibly regulate spermatocyte survival via both the intrinsic and extrinsic pathways, but do not modulate germ cell proliferation in man. Understanding the basic mechanisms in which hormones regulate germ cell progression is a crucial step towards improved understanding of fertility disorders and fertility regulation. 
